The thermophilic-anaerobic treatment of methanol-containing wastewater in an upflow anaerobic sludge bed (UASB) reactor showed to be quite sensitive to pH shock, both acid and alkaline. The results on the tentative recovery of the sludge exposed to the alkaline shock indicated that, the addition or deprivation of sodium bicarbonate (NaHCO 3 ) in the medium plays an important role on the competition of methanogens and acetogens for methanol. In addition, caution has to be taken when using NaHCO 3 for buffering methanol-containing wastewaters, since its introduction in the system will favour acetogenesis when proper conditions are not established. Based on these results, a recovery strategy based on the stepwise addition of bicarbonate in a batch mode-operating reactor was proposed and tested, to study the possibility of methanogenesis recovery. Results showed that the recovery of methanogenesis on methanol from a reactor upset or total failure caused by pH shock is possible, even in systems where acetogens are outcompeting methanogens, provided that the proper strategy is applied. The time and the number of feedings required will depend on the degree of deterioration of the sludge. Keywords: Anaerobic, bicarbonate, methanol, recovery, strategy, thermophilic, UASB reactor.
Introduction
The thermophilic anaerobic degradation of methanol containing wastewater is an attractive treatment option to environmental biotechnology. It can provide high chemical oxygen demand (COD) removal efficiency in wastewaters containing high concentration of methanol, such as evaporator condensate of pulp and paper industries. Methanol is a simple C1-compound that can be degraded anaerobically in a complex way. It can be directly converted to methane by methylotrophic methanogens. The second possibility is its transformation to acetate by acetogens followed by acetate cleavage to methane by aceticlastic methanogens or conversion to hydrogen and carbon dioxide by homoacetogens followed by methanogenesis from hydrogen and carbon dioxide by hydrogenotrophic methanogens (Table 1) . In our previous studies (Paulo et al. 2001 (Paulo et al. , 2002 , the conversion of methanol to CH 4 under thermophilic (55 ºC) conditions was successfully achieved, with no considerable accumulation of volatile fatty acids (VFA) even with NaHCO 3 concentration exceeding 20 mM. When the system was exposed to specific environmental stress situations (temperature drop, overloading and no feeding), the performance was hardly affected and the system promptly recovered as soon as normal conditions were restored. Recently, however, we studied the conversion in a bicarbonate-deprived medium (phosphate buffered, pH 6.4 ± 0.1). The reactor performance was poor, and the system was quite sensitive to disturbances, even under low organic loading rates (OLR). From the removed methanol, 50% was converted to CH 4 and 50% to acetate. The same consortium was not able to degrade methanol under acidic conditions (Paulo et. al., unpublished) . Although the predominance of methanogens in hydrogen uptake is expected from thermodynamic considerations, acetogens can compete with methanogens for H 2 /CO 2 . Under mesophilic conditions, where the direct conversion of methanol to CH 4 seems to be the main degradation route (Weijma and Stams, 2001) , methanogens are the predominant trophic group when bicarbonate is not supplied to the medium, because the meagre endogenous resources of bicarbonate generated by methanogens cannot support significant acetogens (Florencio et al., 1995) . For our thermophilic consortia, where methanol is syntrophically degraded via H 2 /CO 2 (Paulo et al., 2001 (Paulo et al., , 2002 , the accumulation of acetate is higher when the medium is bicarbonate deprived. The conversion of methanol to H 2 /CO 2 remains limited due to the thermodynamics of the metabolic reactions, which are very sensitive to the H 2 partial pressure (Conrad et al., 1986) ; it seems that, exogenous addition of bicarbonate positively affects the conversion of methanol to H 2 /CO 2 , favouring methanogenesis. Sodium bicarbonate is commonly used to provide bicarbonate alkalinity. It can be recommended for that purpose since it is safe to handle, it dissolves easily in water and dosage errors (especially in excess) do not affect digester operation (Lettinga et al., 1998) . For this study, we took into consideration the facts that the main bottlenecks of methanol and thermophilic treatment are the accumulation of VFA and process instability. In the particular case of the anaerobic treatment of methanol under thermophilic conditions, the addition/deprivation of bicarbonate exerts important role in the competition between methanogenesis and acetogenesis. The objective of this study was, to propose a strategy to recover reactor performance after serious upset or total failure, and to test it with both acid and alkaline stressed sludges.
Material and methods

Continuous experiments
The experiment was conducted with a 0.9 L UASB-reactor, which was operated during 154 days. Reactor was immersed in a waterbath (Julabo-MB-Basis, Germany) which maintained the reactor temperature at 55º C. Biogas was collected and led through a waterlock filled with a NaOH solution 20% and a column filled with soda lime pellets with indicator in order to remove CO 2 from the gas. Subsequently, the gas passed through a Mariotte flask system containing water for quantification of the methane production. Reactor was inoculated with 14 gVSS anaerobic-thermophilic (55ºC) granular sludge from a lab scale UASB reactor (5.1 L), fed with methanol as sole organic carbon source and bicarbonate buffered. Methanogenic activities for the inoculum sludge on MeOH, acetate and H 2 /CO 2 were, 1.13, 0.84, and 2.24 gCOD-CH 4 .gVSS -1 .d -1 , respectively. Methanol was used as sole organic carbon source. The concentration in the stock solution varied according to the desired OLR. The reactor was supplemented with macro and micro-nutrients (Paulo et al., 2001) . Tentative recovery strategy Two different sludges were used to assess the adequate recovery strategy: sludge originating from the reactor described above, which was exposed to an alkaline pH shock and an acidic sludge, which was cultivated at an OLR of 6 gCOD.L -1 .d -1 in a bicarbonate deprived medium (reactor pH 4 ± 0.2). During the 160 days of continuous operation, less than 5% of methanol removal was observed and no methane was detected (data not shown). Methanogenic activity at the end of the trial (pH 7 and bicarbonate addition) on H 2 /CO 2 was 1.23 gCOD-CH 4 .gVSS -1 .d -1 , using methanol as substrate, no methanogenic activity was detected and methanol was completely converted to acetate. The recovery strategy was applied in the end of both continuous reactors run. The main point of the strategy was that reactor was operated in batch mode, until completely depletion of the methanol applied and in the end of each feeding, liquid phase was completely replaced. The number of feedings, methanol and bicarbonate concentration applied are summarised in Table 2 . Batch experiments 120 ml glass serum vials were used when the substrate was methanol or acetate and 250 ml when substrate was H 2 /CO 2 . Serum vials were filled with 50 ml basal medium containing (g. To ensure pH stability, 6.72 g NaHCO 3 per litre of basal medium was added. When an assay required bicarbonate deprived medium, 68-mM phosphate buffer was used instead. A complete description of the method used has been presented elsewhere (Paulo et al., 2001) . Analysis A detailed description of the analytical procedures for determination of MeOH, VFA, biogas composition, hydrogen, CH 4 , VSS/TSS/ASH has been presented elsewhere (Paulo et al., 2001) .
Results and Discussion
Prior to imposing the alkaline pH shock, reactor R1 seemed to be overloaded, because only 60% of methanol COD was removed and 43% was converted to CH 4 . No accumulation of VFA was observed (data not shown). At day 32, pH raised to 9.5 and methanogenesis ceased. Figure 1 shows the reactor behaviour during the first attempt to the performance recovery. After decreasing the OLR and the bicarbonate concentration and setting the pH to neutral (day 37), CH 4 production restored, but also acetate started to accumulate and consequently, the pH dropped to 5.7. When bicarbonate concentration was brought back to 20 mEq.L -1 the pH restored but, with the addition of bicarbonate, competition for methanol took place between methanogens and acetogens and methane production dropped again ( Figure 1B) . It was quite clear that acetogenesis was restricted by the bicarbonate concentration. The profile of acetate accumulation followed that of bicarbonate addition (Figure 1 ). Methanogenesis could not be recovered under such conditions, nor even after decreasing the OLR to 6 gCOD.L -1 .d -1 and bicarbonate concentration to 3 mEq.L -1 . Nevertheless, 2 peaks of CH 4 production (day 52 and 60) were observed. In an attempt to avoid the competition between methanogens and acetogens due to the presence of bicarbonate, from day 71 onwards, we exposed the system to a bicarbonate-deprived medium and the pH was automatically controlled by addition of NaOH. It took about 45 days until any reaction could be observed. The reactor was operated during 40 days. Performance was poor, with an average methanol removal of 60%, where 16% was converted to acetate. CH 4 production was unstable during the whole trial, the maximum reached was 1.64 gCOD.L -1 .d -1 (Figure 2 ). The reactor was quite sensitive to any disturbance, even small variations in the methanol influent concentration or flow disturbed the system. These results, are comparable with those we have found in batch experiments for the seed sludge (cultivated on methanol with exogenous addition of bicarbonate) and for the sludge which was cultivated under acidic conditions without exogenous addition of bicarbonate (Figure 3) . For the seed sludge, we found accumulation of acetate merely when batch experiments were performed without exogenous addition of bicarbonate under neutral pH ( Figure 3A ). When the medium was bicarbonate deprived, methanol conversion took 7 days, where 2/3 was converted to methane and 1/3 to acetate. For the acidic sludge ( Figure  3B ), methanol was completely converted to acetate when batch experiments were performed under neutral pH and bicarbonate supplied medium. Based on the observations that our consortium needs bicarbonate for full methanogenesis, but at the same time this addition leads to the accumulation of acetate, if the proper environmental conditions are not met, we based the strategy to recover the reactor performance on a stepwise reintroduction of bicarbonate to the system. According to stoichiometry (Table 1, We considered that, the sludge still exerted methanogenic activity and the methanogens were outcompeted by acetogens under reactor conditions. Based on this, we hypothesised that, if we limit acetogens by the amount of exogenous bicarbonate, the normal pathway conversion will take place (Table 1, equation 2) , and methanogenesis would have a chance to develop if the optimum conditions are developed when operating in batch mode. If methanogenesis takes place, part of the produced endogenous bicarbonate will be left over, but to a limited extent. Once methanogenesis is recovered and proper environmental conditions can be maintained, acetogens have no chance in the competition for methanol (Paulo et. al., 2001) . The results of the 2 sludges tested are presented in Table 2 . For the acidified sludge, where phosphate buffer was not used, 8 feedings were needed before methanogenic activity was completely recovered but in the 6 th feeding CH 4 was already detected in the reactor headspace. Initial pH for each batch was around 7.5 but due to the acetate accumulation, pH dropped to around 5.5 in the end of each batch, except for the last 3 feedings, where pH was kept constant. For the alkaline sludge, phosphate was added to the medium, in order to avoid the pH drop. Bicarbonate concentration was the same for all feedings. At the end of the third feeding, no accumulation of acetate was detected and CH 4 represented 73% of the methanol consumed (Figure 4) . The acidic sludge was more difficult to recover. When acetogens were outcompeting methanogens (feedings 1-6), the duration time of each batch was much longer than that for the alkaline sludge in the same conditions. However, when the system recovered back to methanogenic (feeding 7-8 acidic sludge and 3 for alkaline sludge), the duration time was the same for both sludges (6 days). As the conversion of methanol to H 2 /CO 2 is thermodynamically unfavourable (∆G 55ºC 12 kJ/reaction), it is understandable why it is much slower than the acetogenic conversion (∆G 55ºC -220 kJ/reaction), considering such situation where the consortium is unbalanced. For a "health" sludge, 2 gCOD.L -1 of methanol is consumed within one day when bicarbonate is present in the medium ( Figure 3A) . The low reaction rate and the lower methanol recovery as products (about 20% lower), indicate that the degree of inhibition/inactivation of the microorganisms was high, and time and energy were required either to recover activity or to grow. Nevertheless, recovery is still possible but the time and the number of feedings required will depend of the degree of deterioration of the sludge. For the acidic sludge, for instance, after the recovery strategy was applied, the methanogenic activity on methanol was 1.37 mg-CH 4 .gVSS.L Figure 4. The course of methanol conversion and product formation during the last feeding when operating in batch mode, for tentative reactor recovery using a sludge exposed to an alkaline shock.
Conclusions
1. The conversion of methanol under thermophilic conditions in an automatic pH-controlled UASB-reactor operated under bicarbonate deprivation is poor and unstable when the system has been exposed to high pH. 2. Caution has to be taken when using NaHCO 3 for buffering methanol-containing wastewaters. Its introduction in the system will favour acetogenesis when proper conditions are not established. 3. The recovery of methanogenesis on methanol from a reactor upset or total failure is possible, even in systems where acetogens are outcompeting methanogens, provide the proper strategy is applied. The time and the number of feedings required will depend on the degree of deterioration of the sludge.
